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Abstract
The respiratory chain of the mitochondrial inner membrane includes a proton-pumping enzyme, complex I, which catalyses electron
transfer from NADH to ubiquinone. This electron pathway occurs through a series of protein-bound prosthetic groups, FMN and around
eight iron–sulfur clusters. The high number of polypeptide subunits of mitochondrial complex I, around 40, have a dual genetic origin.
Neurospora crassa has been a useful genetic model to characterise complex I. The characterisation of mutants in specific proteins helped to
understand the elaborate processes of the biogenesis, structure and function of the oligomeric enzyme. In the fungus, complex I seems to be
dispensable for vegetative growth but required for sexual development. N. crassa mitochondria also contain three to four nonproton-pumping
alternative NAD(P)H dehydrogenases. One of them is located in the outer face of the inner mitochondrial membrane, working as a calcium-
dependent oxidase of cytosolic NADPH.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The mitochondrial respiratory chain includes four elec-
tron-transfer oligomeric structures, complexes I–IV, located
in the inner membrane of the organelle. The energy liberated
from the electron transfer reactions is used to translocate
protons across the membrane, generating an electrochemical
gradient that can be used to synthesise ATP by ATPase or
complex V. The whole process is known as oxidative
phosphorylation [1].
One entry of electrons into the system occurs at the level
of complex I, which performs an NADH:Q oxidoreductase
activity coupled with proton pumping. This electron transfer
is mediated by protein-bound prosthetic groups, FMN and
about eight iron–sulfur clusters [2,3] and, probably, an
additional redox group X [4]. The mechanism operating in
proton pumping is still unknown. With the notable excep-
tion of the yeast Saccharomyces cerevisiae, most organisms
possess complex I. In mammals, 43 polypeptides were
identified as subunits of the enzyme [5]. Most prokaryotes
contain only 14 subunits, conserved in mitochondrial com-
plex I, considered as the ‘‘minimal’’ structure required to
perform electron transfer coupled to proton translocation.
Seven of them represent homologues of mtDNA-encoded
subunits of eukaryotic complex I, the hydrophobic ND1–6
and ND4L proteins, and seven are homologues of the
nuclear-coded 75, 51 49, 30, 24, 23 (TYKY) and 20 kDa
(PSST) proteins [2,6,7]. It is accepted that the additional
polypeptides of mitochondrial complex I have roles beyond
the known bioenergetic function. Enzymes equivalent to
complex I are present in chloroplasts and archaea [2,8].
Complex I is essential for certain organisms or biological
processes [9,10] and deficiencies in the enzyme are impli-
cated in mitochondrial disease [11,12].
The mitochondrial inner membrane also contain other
enzymes, the alternative NADH dehydrogenases, capable of
oxidising NAD(P)H from either the cytosol (external
enzymes) or the mitochondrial matrix (internal enzymes).
These enzymes are single polypeptides and their oxidore-
ductase activity is not coupled to proton pumping. Their
number and specificity vary considerably when comparing
different organisms: none was described in humans, while
plants may have up to four proteins (two in each side of the
membrane) [13], suggesting that they may have organism
specific roles.
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Investigation of many important biological processes,
including mitochondrial biogenesis and bioenergetics, has
been conducted with Neurospora crassa for many decades
[14]. The resulting knowledge and the possibility of easily
handling and manipulating this filamentous fungus makes it
a suitable organism for research. In this work, we review
current knowledge about the respiratory chain NAD(P)H
dehydrogenases with emphasis on N. crassa mitochondria.
2. Complex I
Mitochondrial complex I is a multisubunit enzyme
involved in energy conversion. It looks like an L in N.
crassa with one of the arms integrated in the inner mem-
brane and the other arm extending into the mitochondrial
matrix, the membrane and peripheral arms, respectively
[15]. This structure is conserved from bacteria to mammals
[16,17]. Complex I of N. crassa contains about 35 poly-
peptide subunits [3], seven of which at least being encoded
by mtDNA [18,19]. Thirty-two of the proteins have been
identified (Table 1) and most of the nuclear-coded subunits
have been located in the genome and cloned [10] (unpub-
lished data). Only four of the fungal proteins could not be
related to mammalian proteins, pointing to the high degree
of conservation of mitochondrial complex I among different
species. All protein homologues of the 14 subunits present
in prokaryotic complex I were identified in N. crassa [20].
The nuclear-coded subunits of mitochondrial complex I
having homologues in Escherichia coli complex I, where
they constitute the peripheral domain and the connecting
fragment, bind all known prosthetic groups of the enzyme
involved in electron transfer, namely FMN and eight to nine
iron–sulfur clusters [21]. Presently, each of these redox
groups can be assigned to specific proteins with confidence.
The electron pathway within complex I can also be envis-
aged based in the midpoint potential of the redox groups and
other evidence like the spatial arrangement of subunits.
Despite that only four Fe–S clusters were observed by
EPR spectroscopy in N. crassa, binuclear cluster N-1 and
tetranuclear clusters N-2, N-3 and N-4 [22], it is likely that it
also contains binuclear cluster N-1a and tetranuclear clusters
N-5, N-6a and N-6b. The features proposed to be involved
in binding these clusters are conserved in the fungus. A
ninth binuclear cluster N-1c seems to be specific of bacteria
[23]. Using bovine nomenclature, the 51 kDa protein binds
FMN, the primary acceptor of electrons from NADH, and
cluster N-3 [24]. The 75 kDa subunit binds clusters N-1b,
N-4 and N-5 [7,21,25] (and N-1c in E. coli [23]). The 24
kDa protein ligates cluster N-1a [26] and the TYKY protein
ligates clusters N-6a and N-6b, which are not detectable in
whole complex I by EPR [27]. Cluster N-2, which oxida-
tion/reduction is probably associated with proton transloca-
tion [28], is bound by PSST [20,29] (unpublished data),
though this binding might be shared with the 49 kDa protein
[30]. Several proteins were proposed to interact with ubiq-
uinone or analogues, but the picture is not yet completely
clear. A current view of electron transport is that electrons
flow from NADH via FMN to isopotential iron–sulfur
centres, clusters N-3, N-4 and N-5. Cluster N-1a in the 24
kDa subunit is difficult to fit in these reactions due to its
very negative midpoint potential. Then, electrons are trans-
ferred to centres N-6a and N-6b in the TYKY subunit and to
N-2 in PSST. Reduction of ubiquinone follows, most
probably linked to proton translocation [28]. It is likely,
however, that electron transfer between N-2 and ubiquinone
is mediated by a redox group X, so far only characterised by
UV/Vis spectroscopy [4] (unpublished data). Some theoret-
ical models to explain the possibility of pumping four
protons across the inner mitochondrial membrane for each
pair of electrons transferred within complex I are currently
under scrutiny [8,31–33].
The high efficiency of energy transduction by complex I
is likely a result of evolution. Based in homology compar-
Table 1
Polypeptide constituents of complex I from N. crassa
N. crassa
protein (kDa)
Bovine/E. coli
homologues
Prosthetic groups Knockout
mutant
78 75/NuoG N-4, N-5 (4Fe4S),
N-1b (2Fe2S)
yes
51 51/NuoF FMN; N-3 (4Fe4S) yes
49 49/NuoCD yes
40 39 NADPH yes
30.4 30/NuoCD yes
29.9 B13 yes
24 24/NuoE N-1a (2Fe2S) yes
21.3a – yes
21.3b – yes
21.3c TYKY/NuoI N-6a, N-6b (4Fe4S) yes
21 AQDQ Phosphorylated yes
20.9 – yes
20.8 PGIV yes
19.3 PSST/NuoB N-2 (4Fe4S) yes1
17.8 –
14.8 B14
12.3 PDSW yes
10.5 B8
9.8 MWFE yes1
9.3 B9
ACP SDAP Pantothenate group yes
28.72 13
192 ASHI
13.42 B17.2
Unknown2 B22
Unknown2 B18
ND1 ND1/NuoH
ND2 ND2/NuoN
ND3 ND3/NuoA
ND4 ND4/NuoM
ND4L ND4L/NuoK
ND5 ND5/NuoL Myristoylated
ND6 ND6/NuoJ
References were given before [9,10]. ND, proteins encoded by mtDNA.
1 I. Marques and our own unpublished data.
2 Molecular mass of putative precursor protein deduced from data of the
Neurospora sequencing projects of the Whitehead Institute and of the MIPS
database (http://www.mips.gsf.de/).
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isons, it was proposed that the oligomeric structure evolved
from the association of different enzymatic modules [8].
Assembly of complex I is modular as well, though ‘‘assem-
bly modules’’ cannot be matched exactly with ‘‘evolution
modules’’. The peripheral and membrane arms are
assembled independently before joining together and the
latter is itself formed from a large and a small intermediate.
Assembly involves at least two chaperones, which were
found associated with the membrane arm of complex I [4].
Anyway, many of the complex I subunits are also required
for assembly and/or stability (and function) of the structure,
as revealed by the phenotype of mutants lacking the proteins
and/or having altered subunits [9,10]. Many of these studies
were performed in N. crassa since gene disruption has been
quite successful in this organism (Table 1). Site-directed
mutagenesis of complex I subunits is also possible in the
fungus, allowing the generation of models of mitochondrial
disease [34,35] (unpublished data).
It is today clear that complex I role in the cell is not only
bioenergetics. Very little is known about the many addi-
tional subunits that constitute the mitochondrial enzyme (as
compared with the prokaryotic equivalent), despite that
some hints are upcoming. Some proteins might insulate
complex I, preventing electrons from escape and generate
oxygen radicals [12], others may be involved in NADH
channelling reactions [36] or in the binding of other respi-
ratory complexes [37]. Two subunits may be involved in
biosynthetic pathways, an acyl carrier protein [38] and a 40
kDa subunit, which is similar to reductases/isomerases [36]
and tightly binds NADPH [39]. Other proteins may regulate
activity, as shown for phosphorylation/dephosphorylation of
the AQDQ protein [40].
Complex I seems to be involved in several biological
processes, from different metabolic pathways in microor-
ganisms [41 – 46] to fungal and plant development
[9,47,48]. Major examples of the cellular relevance of
complex I are the findings that enzyme defects cause
mitochondrial disease [49]. In N. crassa, the enzyme is
not essential for viability during vegetative growth and
mutant strains are easily generated, likely because of the
presence of alternative NADH dehydrogenases (see below).
However, it is required for the process of sexual develop-
ment. Genetic crosses between strains carrying homozygous
mutations in complex I genes are blocked at early stages of
development [35,50]. Interestingly, complex I is also needed
for embryonic development in Drosophila melanogaster
[51] and Caenorhabditis elegans, where enzyme deficien-
cies cause an arrest of larvae at a specific stage of develop-
ment [52].
3. Alternative NADH dehydrogenases
Alternative NADH dehydrogenases designate a family of
proteins that can oxidise NAD(P)H and reduce quinones
without carrying a proton pumping activity. They are
present in bacteria [7] as well as in the mitochondria of
fungi and plants [13]. In the eukaryotic organelles, they
oxidise either cytosolic (external enzymes) or matrix sub-
strates (internal enzymes). In the yeast S. cerevisiae, which
lacks complex I, an internal and two external enzymes have
been quite well characterised, respectively NDI1, NDE1 and
NDE2 [53,54]. Another yeast, Yarrowia lipolytica, only
contains one external enzyme in the inner mitochondrial
membrane in addition to complex I [55]. Up to four
alternative NADH dehydrogenases have been described in
plants [13,47], but they were not yet conclusively identified.
In N. crassa mitochondria, both internal and external
rotenone-insensitive alternative NADH dehydrogenases
have been proposed many years ago [56]. Later, an external
calcium-sensitive NAD(P)H activity and higher activity of
an internal enzyme in the early exponential phase of fungal
growth were reported [57,58]. More recently, we have
characterised one external enzyme, NDE1. Comparing
activities between wild type N. crassa and the knockout
mutant nde1, it seems that NDE1 is principally used for
NADPH oxidation. Its activity is dependent on calcium in
agreement with the findings of a calcium-binding motif in
the protein sequence. Furthermore, the results indicated the
presence of a second NADH dehydrogenase in the outer
face of the inner membrane of N. crassa mitochondria [59].
In order to find out more, we searched the N. crassa
genomic sequences released last year by the Neurospora
Sequencing Project of the Whitehead Institute/MIT Center
for Genome Research (http://www.genome.wi.mit.edu). We
found sequence contigs potentially encoding three addi-
tional alternative NADH dehydrogenases with similarity to
NDE1. These proteins contain sequence motives for pre-
sumably binding FAD and NAD(P)H and were provision-
ally named p13, p36 and p76 (after their respective contig
names). Interestingly, a computer analysis predicts that all
four proteins potentially display a transmembrane segment
in the N-terminal region, leading us to speculate that their
interaction with the membrane is conserved. However, these
putative transmembrane fragments are absent from similar
proteins of other organisms. Protein p13 appears to be an
internal rotenone-insensitive NADH dehydrogenase as
judged from the characterisation of isolated mitochondria
from a null mutant (manuscript in preparation). Thus, it is
reasonable to assume that the more similar mitochondrial
protein p36 (P. Carneiro, unpublished data) represents the
external NADH dehydrogenase predicted from our previous
experiments [59]. It is not yet clear that p76 is a mitochon-
drial protein. If this is the case, then N. crassa possesses
four alternative NADH dehydrogenases as described for
plants. Four independent contigs potentially encoding sim-
ilar proteins could also be found in the genomic sequences
of Aspergillus nidulans deposited in the Cereon Microbial
Sequence Database.
The cellular role and need for alternative NADH dehy-
drogenases is not clearly established. These enzymes and
the proton-pumping complex I have overlapping roles in
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oxidoreductase reactions and there is already evidence that
alternative NADH dehydrogenases can complement com-
plex I defects in different situations. Disruption of complex I
genes in Paracoccus denitrificans was only possible after
introduction in the organism of the NDH-2 gene of E. coli
[60]. Likewise, the segregation of complex I mutants in Y.
lipolytica required the previous targeting of its external
single alternative NADH dehydrogenase to the matrix face
of the inner mitochondrial membrane [61]. Moreover, the
complementation of complex I defects in mammalian cells
with the NDI1 gene of S. cerevisiae is quite amusing and
points to a possible strategy for gene therapy in human
mitochondrial diseases [62]. Since alternative NADH dehy-
drogenases do not pump protons, they may be useful to keep
reducing equivalents at physiological levels. On the other
hand, data on the characterisation of these enzymes is
emerging. For instance, their direct involvement in oxidative
stress in yeast [63] or in development and light responses in
plants [64] was described. Their variability among species is
a sign that they accomplish specific requirements of the
different organisms.
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